Herpes simplex virus type 1 (HSV-1) infects skin, oral, ocular, and genital epithelial cells and spreads to axon fibers that innervate these tissues. The viral DNA, surrounded by capsid and tegument proteins, is transported to the neuronal cell body (3) , where the DNA becomes latent in the nucleus. Transport of virus or virion components from epithelial cells to the neuron nucleus involves spread from epithelial cells to the axon terminus (cell-to-cell spread) and transport from the axon terminus to the nucleus (retrograde direction) (53) . When the viral DNA reactivates from latency, virion components are produced in the neuron cell body which localize to the axon (axonal localization) and then travel along axon fibers to the axon terminus (anterograde direction) (53) . The site for virion assembly in the neuron during reactivation infection remains controversial for alphaherpesviruses and is proposed to occur in the cell body (17) , in axon shafts (31, 51) , or at the axon terminus (26, 39) . Finally, mature virions or virion subunits spread from the axon terminus to epithelial cells (cell-to-cell spread) to produce recurrent infections.
Glycoprotein E (gE) is required for efficient HSV-1 spread from cell-to-cell within epithelial cells in vitro and in vivo, since gE-null virus produces smaller plaques than wild-type (WT) virus (18, 43) , and causes smaller skin lesions at the inoculation site in the murine flank model (37) . The nature of the spread defect for gE-null virus in neuronal tissues is less clear. A defect in cell-to-cell spread between neurons was suggested based on a reduction in infected cell foci compared to WT virus (19) . In vivo experiments using a rat retina infection model in which virus was inoculated into the vitreous body of the eye also indicated that gE-null virus is defective in neuronal cell-to-cell spread based on reduced staining of viral antigens in the retina and brain (19) . However, these experiments did not address the possibility that the gE-null virus defect may be in targeting virion components from the neuronal cell body to the axon initial segment or in transporting virion components along axon fibers to the axon terminus rather than from one neuron to another.
The retina infection model can be used to address the site of the spread defect for gE-null virus. An advantage of this model is that virus directly infects the ganglion cell neurons that comprise the innermost cell layer of the retina without first infecting epithelial cells (18, 31) . Virion components, including nucleocapsids, tegument, and membrane glycoproteins, move from the cell bodies of the retina ganglion cells into the axon fibers of these same neurons that form the optic nerve and optic tract (30, 31) , which represents spread in the anterograde direction. If virion components fail to reach the optic nerve, the spread defect can be localized to a site proximal to the axon terminus rather than implicating cell-to-cell spread. The mature virus or virion components then travel from presynaptic to postsynaptic neurons in an anterograde direction to the brain. During infection of the mouse or rat eye, virus can also infect the endplates of autonomic neurons that innervate the ciliary body and iris to control pupil size (Fig. 1A) (30) . Virion components travel from postsynaptic to presynaptic neurons in a retrograde direction to infect regions of the brain that are distinct from those infected by anterograde spread in the optic nerve (9, 40) . Therefore, the retina eye model can be used to assess HSV-1 anterograde and retrograde spread to the brain.
The spread phenotype of a related alphaherpesvirus, pseudorabies (PRV) gE-null virus, has been extensively studied in vivo and in vitro (9, 12, 27, 49, 52) . In the rat retina infection model, PRV gE-null virus failed to reach second-order neurons in the brain that synapse with the optic nerve, indicating a defect in anterograde spread from presynaptic to postsynaptic neurons (9) . Of note, the PRV gE-null virus had no defect in spread to nuclei in the brain, which indicates intact spread from postsynaptic to presynaptic neurons (retrograde spread) (9, 27) . In vitro studies using rat superior cervical ganglia (SCG) neurons demonstrated that few gE-null viral proteins were detected in axon fibers, despite abundant expression in the neuron cell body, suggesting a defect in axonal localization (12) .
We used the mouse retina infection model to further define the site of the spread defect for HSV-1 gE-null virus. We demonstrated that gE-null viral proteins are not detected in the optic nerve, despite extensive infection of the retina. In vitro studies with rat SCG neurons demonstrated that virion proteins failed to enter the axon, indicating a defect in axonal localization, which is similar to the defect noted for PRV gE-null virus (12) . HSV-1 gE-null virus was also defective in spread to the brain in the retrograde direction, which differs from PRV gE-null virus, and highlights interesting similarities and differences between HSV-1 and PRV gE (9) .
MATERIALS AND METHODS
Virus strains. HSV-1 strain NS is a low-passage clinical isolate that was used as the WT virus (23) , and all mutant strains were prepared in the NS background. NS-gEnull virus has a deletion of gE amino acids 124 to 510 in the gE ectodomain (37), whereas rNS-gEnull virus rescues the gE-null defect (37) . NS-gE380 virus has four amino acids (XhoI linker) inserted after gE position 380 (43) . NS-gE264 virus was prepared as described for NS-gE380 virus (2, 43) by inserting the same four amino acids after gE position 264. The locations of the gE mutations are based on the published sequence of HSV-1 strain 17 (35) ; however, the NS gE sequence has two additional amino acids (Gly and Glu) at positions 186 and 187 (33) . Therefore, the inserts in NS-gE380 and NS-gE264 viruses are at gE positions 382 and 266, and the deletion in the gE-null virus involves amino acids 124 to 512. HSV-1 KOS-gD␤ is a gD-null virus formed by replacing gD sequences with lacZ DNA that is under the control of the gD promoter (16) . A gD-null pseudotype virus capable of a single replication cycle was prepared by growing this virus on gD complementing (VD60) cells (15, 32) . Virus pools were prepared on Vero cells and purified on 5 to 70% sucrose gradients (24) . Virus titers were determined by plaque assay on Vero cells (23) .
Eye injections. Mice were anesthetized intraperitoneally with 2.5 mg of ketamine and 0.63 mg of xylazine. A cut in the sclera was made with a 30-gauge needle, and this needle was then used to penetrate into the vitreous body of the right eye. The puncture hole was entered by using a Hamilton syringe and 32-gauge needle containing 1 l of 4 ϫ 10 2 to 4 ϫ 10 5 PFU of virus, which was injected into the vitreous body (Fig. 1A) . The needle was held in place for 30 s to minimize loss of fluid from the vitreous body. Harvesting eyes and brains. Tissues were harvested 3 to 8 days postinfection (dpi) (47) . Mice were anesthetized and perfused by intracardiac injection with 10 ml of 4% paraformaldehyde in 0.1 M sodium phosphate buffer. Eyes were dissected leaving the optic nerve attached to the retina. Brains were removed, and eyes and brains were fixed separately in 4% paraformaldehyde overnight and then in 30% sucrose overnight at 4°C. Samples were embedded in tissue freezing medium (Polysciences, Inc.) and frozen in an alcohol and dry ice bath. Eyes were cut into 10-m sagittal sections and brains were cut into 40-m coronal sections by using a cryostat at Ϫ22°C. Eye sections for immunofluorescence were placed on Tissue Tack slides (Polysciences, Inc.) and allowed to dry overnight at room temperature. Brain sections for immunohistochemistry were placed in cryoprotectant solution (30% sucrose, 1% polyvinylpyrrolidone, and 30% ethylene glycol in 0.1 M phosphate-buffered saline [PBS]; pH 7.2) and stored at Ϫ20°C until staining (9) .
Rat superior cervical ganglion cell neuron cultures. Sympathetic motor neurons were harvested from rat SCG of rat embryos age 15.5 days (Hilltop Labs, Inc.) (14) . Glass coverslips were coated with 100 g of poly-DL-ornithine (SigmaAldrich) and 10 g of laminin (Invitrogen)/ml and placed in 35-mm dishes. Neurons were cultured in equal volumes of Dulbecco modified Eagle medium and Ham F-12 supplemented with 10 mg of bovine serum albumin (BSA)/ml, 4.6 mg of glucose/ml, 2 mM L-glutamine, 100 U of penicillin/ml, 100 g of streptomycin/ml, 100 mg of holotransferrin/ml, 16 g of putrescine/ml, 10 g of insulin/ ml, 30 nM selenium, 20 nM progesterone, and 100 ng of nerve growth factor/ml (reagents from Gibco, Sigma-Aldrich, and Invitrogen). Non-neuronal cells were eliminated by adding 1 M cytosine-␤-D-arabinofuranoside (Sigma-Aldrich). At 3 weeks after plating, the neuron cultures were infected with 10 5 PFU of WT or gE mutant virus for 1 h, the inoculum was removed, and the infection was allowed to proceed for 20 h (12).
Immunofluorescence. Retinas were stained with a rabbit polyclonal HSV-1 antibody (Dako), a VP5 capsid antibody (provided by Gary Cohen and Roselyn Eisenberg), a VP22 tegument antibody (provided by Gillian Elliott), and nonimmune immunoglobulin G (IgG; Sigma-Aldrich). Rat anti-mouse Thy 1.2 (Pharmingen) was used to stain mouse axon fibers (1), and mouse anti-rat CD90 (Thy 1.1) (Antigenix America) was used to stain rat SCG neurons. Secondary antibodies included donkey anti-rabbit F(abЈ) 2 Red-X, anti-rat F(abЈ) 2 Cy2, and anti-mouse F(abЈ) 2 Cy2 (Jackson Immunoresearch). Nonspecific staining of mouse retina sections was reduced by incubating tissues in PBS with 1% horse serum, 1% BSA, and 0.05% Triton X-100 for 30 min. Primary antibodies were diluted 1:500 and secondary antibodies were diluted 1:200 to 1:250 in PBS with 0.3% Triton X-100. Primary antibodies were added for 2 h, and secondary antibodies were added for 1 h at room temperature. DAPI (4Ј,6Ј-diamidino-2-phenylindole) was added at 0.1 g/ml (Molecular Probes) to stain nuclei.
Neuron cultures were fixed for 10 min with 3.2% paraformaldehyde, incubated with PBS and 3% BSA for 2 h at room temperature to reduce background staining, and then permeabilized for 10 min by using PBS with 3% BSA and 1% saponin. Primary and secondary antibodies were diluted in PBS-BSA-saponin buffer and added for 1 h. Washes were performed with PBS-BSA-saponin buffer (11) . Slides were mounted with Fluoromount-G (Southern Biotech) and viewed on a Nikon Eclipse E1000 deconvolution microscope. Images were processed by using software from Phase 3 Imaging Systems.
Immunohistochemistry. Brains were processed for immunohistochemistry by removing the cryoprotectant solution with 0.1 M PBS. The cryostat sections were incubated with 0.5% sodium borohydride for 10 min, washed with 0.1 M PBS, treated with 30% methanol and 0.5% hydrogen peroxide for 10 min, and washed with 0.1 and 0.01 M PBS. Polyclonal rabbit anti-HSV-1 antibody (1:2,500) was added for 36 h at room temperature, followed by biotinylated goat anti-rabbit IgG (1:200) and avidin-biotin/peroxidase (1:100; Vector Laboratories, Inc.) each added for 90 min at room temperature. The color was developed by using diaminobenzidine and hydrogen peroxide, and sections were mounted onto gelatin-coated slides (8) .
Western blots. To determine whether the polyclonal HSV-1 antibody (Dako) detects viral glycoproteins, Vero cells were mock-infected or infected with WT virus at a multiplicity of infection (MOI) of 2.5. The cells were lysed (20 mM Tris-Cl [pH 7.5], 50 mM NaCl, 0.5% deoxycholic acid, 0.5% NP-40, and protease inhibitors) at 21 h postinfection (hpi). Viral glycoproteins B, C, D (provided by Gary Cohen and Roselyn Eisenberg), and E that were truncated prior to their transmembrane domains were purified from supernatant fluids of baculovirusinfected cells (4, 33, 44, 48) . Cell lysates and purified glycoproteins were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis on a 4 to 15% gel, transferred to an Immobilon-P membrane, and probed with polyclonal HSV-1 antibody (1:5,000; Dako).
To detect viral antigens in optic nerve tissue, the optic nerve, optic chiasm, and optic tract were harvested as a unit and separated from the retina. Tissues were homogenized in lysis buffer (0.2 M Tris-Cl [pH 7.2], 10 mM EDTA, 0.3 M NaCl, 0.1% SDS, 0.05% Tween 20, and protease inhibitors; Roche Diagnostics), samples were sonicated on ice and centrifuged at 9,500 ϫ g for 10 min at 4°C, and supernatant fluids were collected. Protein content was determined by the BCA assay (Pierce), and equal concentrations were loaded onto a 4 to 15% SDS-PAGE gel. Proteins were transferred to Immobilon-P membranes and probed with murine monoclonal antibody (MAb) 1D3 (1:1,000) to detect gD (22) , murine MAb ICP5 (1:100; Biodesign) to detect VP5, and rabbit anti-VP22 (1:10,000) to detect VP22. Rabbit anti-human actin (1:2,000), which cross-reacts with mouse actin (Novus Biologicals), was used to detect actin as a loading control. Membranes were developed by using ECL (Amersham Corp.). Densitometry analysis was performed to compare the relative concentrations of VP5 antigen after WT or NS-gEnull virus infection of the retina.
Harvesting the retinas for determination of virus titers. Mice were anesthetized, perfused with PBS, and euthanatized, and the lenses and corneas were removed. The retinas were washed with PBS and frozen in an ethanol and dry ice bath. The retinas were thawed, homogenized in PBS, sonicated, and centrifuged at 1,500 ϫ g at 4°C for 5 min, and the virus titers of the supernatant fluids were determined on Vero cells.
IgG rosetting assays. IgG Fc receptor expression on HSV-1-infected cells was detected by using IgG-coated erythrocytes. COS cells were infected with WT or gE mutant viruses at an MOI of 2, and at 18 hpi the cells were dissociated and incubated with IgG-coated erythrocytes at a ratio of 100 erythrocytes per infected COS cell. Rosettes were counted by using an inverted light microscope. Infected cells that bound Ն4 erythrocytes were considered positive (43) .
Statistics. P values were determined by using the Student t test. The results were considered significant at a probability (P) of Ͻ0.05.
RESULTS

HSV-1 wild-type and gE-null viruses infect the mouse retina.
We investigated the role of HSV-1 gE in spread by using the mouse retina infection model (Fig. 1 ). Retinas were stained with polyclonal HSV-1 antibody, which detects many viral proteins, including the ectodomains of gB, gC, gD, and gE ( Fig.  2A) . WT and NS-gEnull viruses infected the mouse retina after injection into the vitreous body. Infection was slightly more extensive with WT than NS-gEnull virus, based on immunofluorescence staining of retinas at 3 and 5 dpi (Fig. 2B ). Studies were performed with a gD-null pseudotype virus to verify that the increase in infection by WT and gE-null viruses on day 5 represented virus spread in the retina. gD is required for HSV-1 entry as cell-free virus but is also essential for spread of virion components from one cell to another (32, 41) . The gD-null pseudotype virus is capable of entering cells since gD protein is present in the virion envelope, but spread from one cell to another does not occur since no gD protein is produced. When gD-null pseudotype virus was injected into the vitreous body, very little antigen was detected on day 3 and no change was noted on day 5 (Fig. 2B) , indicating that the increase in viral antigen after WT and NS-gEnull virus infection represented spread in the retina. Virus titers in the retina were somewhat higher after WT than NS-gEnull virus infection (Fig.  3A) , although differences were not statistically significant. Western blot of retinas at 5 dpi showed more VP5 capsid antigen after WT virus infection (Fig. 3B and C) , which is consistent with the immunofluorescence and virus titer results.
gE is required for viral spread from the retina to the optic nerve. We examined the optic nerve to evaluate whether virion proteins travel into the axon fibers of neurons that originate in the retina. Mouse eyes were injected with 4 ϫ 10 2 or 4 ϫ 10 tegument protein at 5 dpi. At both WT virus inoculation titers, viral antigens were readily detected in the optic nerve with all three antibodies (Fig. 4) . In contrast, no viral proteins, including gB, gC, gD, VP5, or VP22 antigens, were detected in the optic nerve by immunofluorescence after infection with NSgEnull virus at 4 ϫ 10 5 PFU (1,000-fold-higher dose than WT virus) either at day 5 (result not shown) or day 8, despite infection in the retina (Fig. 4) . Rescued gE-null virus produced infection in the optic nerve comparable to WT virus, indicating that deletion of the gE DNA accounted for the defect in viral proteins reaching the optic nerve.
Western blots were performed as an additional approach to detect viral antigens in the optic nerve. Antibodies to capsid VP5 protein and tegument VP22 protein were evaluated; however, instead of polyclonal anti-HSV antibody we used an antibody to gD, which is the most abundant HSV-1 membrane glycoprotein detected in strain NS (25) . All three proteins were detected 5 dpi with 4 ϫ 10 4 PFU of WT virus, whereas no viral antigen was evident after infection with a 10-fold-higher dose of NS-gEnull virus examined 8 dpi (Fig. 5) . Therefore, after gE-null virus infection no viral proteins were detected in the optic nerve by immunofluorescence and Western blotting, despite extensive infection of the mouse retina.
Optic nerve infection and IgG Fc-receptor activities involve overlapping but distinct gE domains. We evaluated two HSV-1 gE linker insertion mutant viruses to determine whether spread of viral antigens into the optic nerve and Fc receptor activity are mediated by distinct gE domains. NSgE264 and NS-gE380 have four amino acids inserted in the gE ectodomain at NS gE positions 266 and 382, respectively. We previously reported that NS-gEnull and NS-gE380 viruses are defective in IgG Fc receptor activity (43) . We evaluated NSgE264 virus for IgG Fc receptor activity by counting the percentage of infected cells that formed rosettes with IgG-coated erythrocytes. NS-gE264 virus failed to form rosettes (IgG Fc receptor negative) and was as impaired as NS-gE380 or NSgEnull virus (Fig. 6A) .
We previously reported that rescued NS-gE380 virus restores Fc receptor activity and virulence in the murine flank model (43) . We postulated that the reduced virulence of NSgE380 virus likely reflected a defect in spread rather than Fc receptor activity, since murine IgG does not bind to the HSV-1 Fc receptor (28) . We demonstrated the importance of the HSV-1 IgG Fc receptor in mice by passive transfer of human IgG, which is capable of binding to the HSV-1 Fc receptor (37) .
Retina eye injection studies were performed with NS-gE264, WT and rescued NS-gEnull antigens were detected in the retinas and optic nerves (thick arrows). NS-gEnull virus antigens were detected in the retinas but not in the optic nerves. Viral antigens are red, optic nerve fibers are green (anti-Thy1.2), and nuclei are blue (DAPI). Magnification, ϫ200.
FIG. 5. Western blot of viral proteins in the optic nerves. Mouse eyes were infected with 4 ϫ 10
4 PFU of WT virus and the optic nerves were harvested at 5 dpi or with 4 ϫ 10 5 PFU of NS-gEnull virus and the optic nerves were harvested at 8 dpi. Optic nerves from five mice were pooled and probed for gD, VP5, and VP22. Actin was used as a loading control.
NS-gE380, and rescued NS-gE380 viruses to further characterize the spread defect of NS-gE380 virus and to determine whether gE uses distinct domains for spread in neurons and Fc binding. All three viruses produced extensive retina infection. Viral antigens were readily detected in the optic nerve after infection with rescued NS-gE380 virus (Fc receptor positive) and NS-gE264 virus (Fc receptor negative) at 5 dpi, whereas little antigen was noted in the optic nerve after infection with NS-gE380 virus (Fc receptor negative) at 5 dpi (results not shown) or 8 dpi (Fig. 6B) . Therefore, viral antigen spread into the optic nerve and Fc receptor activities are overlapping but distinct gE functions, and the gE ectodomain contributes to PFU of NS-gE380 virus. The optic nerves were harvested at 5 dpi for NS-gE264 and rescued NS-gE380 viruses and at 8 dpi for NS-gE380 virus. NS-gE264 virus infected the retina (thin arrow) and spread into the optic nerve similar to rescued NS-gE380 virus, whereas NS-gE380 virus infected the retina (thin arrow) but was defective in spread into the optic nerve (thick arrow). The arrowhead shows a supporting glial cell infected in the optic nerve and stained with VP5 antibody. Viral antigens are red, optic nerve axon fibers are green (anti-Thy1.2), and nuclei are blue (DAPI). Magnification, ϫ200. The results shown are representative of optic nerves obtained from three mice for NS-gE264 virus, four mice for rescued NS-gE380 virus, and ten mice for NSgE380 virus.
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ both processes. Of note, the NS-gE380 and NS-gEnull viruses differ in their infection phenotypes since some NS-gE380 antigens were detected in the proximal segment of the optic nerve, whereas none were detected after NS-gEnull virus infection. HSV-1 spread to the brain. We evaluated the transport of WT, NS-gEnull, and NS-gE380 viruses to the mouse brain after retina infection. WT viral antigens were detected in the optic tract, dorsal and ventral lateral geniculate nuclei, and superior colliculus, indicating anterograde spread. Viral antigen was also detected in the intergeniculate leaflet of the lateral geniculate nucleus and in the oculomotor and EdingerWestphal nuclei, representing retrograde spread (Fig. 7) . After infection with NS-gEnull or NS-gE380 virus at 10-fold-higher doses than used for WT virus, no viral antigen was detected in regions indicative of anterograde spread at 5 dpi (results not shown) or 8 dpi (Fig. 7) . However, NS-gE380 antigens were detected in the oculomotor and Edinger-Westphal nuclei, supporting retrograde spread, although staining was less intense than with WT virus and antigens were not present until 8 dpi (Fig. 7C) . Therefore, the NS-gEnull mutant virus is defective in both anterograde and retrograde spread, whereas the NSgE380 mutant virus is defective in anterograde spread with a reduced capability for retrograde spread.
Infection of rat SCG neurons in vitro. We infected primary neuronal cells to further define the site of the block in axonal infection for NS-gEnull virus. Embryonic rat SCG neurons were infected with 10 5 PFU of WT or gE mutant viruses. At 20 hpi, cells were permeabilized and stained with polyclonal HSV, VP5, or VP22 antibodies (Fig. 8A) . WT viral antigens were apparent in the neuron cell bodies and axon fibers. NS-gEnull viral antigens were detected in the cell bodies but not in the axon fibers. Therefore, the neuronal cell spread defect for the gE mutant viruses is prior to or at the axon initial segment.
We compared the Fc receptor mutant viruses, NS-gE264 and NS-gE380, for infection of SCG neurons. Both viruses infected the neuron cell bodies; however, viral antigens were only detected in axons after infection with the NS-gE264 virus (Fig. 8B) . The cells shown were stained with polyclonal HSV antibody (Fig. 8B) ; however, similar results were obtained with VP5 and VP22 antibodies (results not shown). Viral antigens were also readily detected in axons after infection with the Brains were stained by immunohistochemistry using polyclonal HSV-1 antibody at 5 dpi for WT virus or at 8 dpi for NS-gEnull and NS-gE380 viruses. (A) Antigens from WT virus were found in the optic tract (arrow) and the dorsal lateral geniculate nucleus (arrowhead). NS-gEnull and NS-gE380 viruses did not infect these nuclei. (B) Antigens from WT virus were detected in the dorsal lateral geniculate nucleus (arrowhead), the ventral lateral geniculate nucleus (hollow arrowhead), and the intergeniculate leaflet of the lateral geniculate nucleus (arrow). NS-gEnull and NS-gE380 viruses did not infect theses nuclei. (C) Antigens from WT virus were detected in the superior colliculus (arrowhead) and in the oculomotor and Edinger-Westphal nuclei (arrow). No viral antigen was detected in these nuclei after infection with NS-gEnull virus. Antigens from NS-gE380 virus were present in the oculomotor and Edinger-Westphal nuclei (arrow). The results shown are representative of four brains infected with WT virus and three brains infected with NS-gEnull and NS-gE380 viruses.
gD-null pseudotype virus, KOS-gD␤ (Fig. 8B) . Therefore, spread in the retina was reduced for gE-null virus (slight impairment) and KOS-gD␤ virus (marked impairment), but only the gE-null mutant virus was defective in antigen expression in axons, which indicates a defect in axonal localization.
DISCUSSION
We demonstrated a defect in transport of major envelope glycoproteins, VP22 tegument and VP5 capsid proteins into the optic nerve after NS-gEnull virus infection of the mouse retina. HSV-1 gE-null viral antigens were readily observed in the retina, including the innermost cell layer consisting of ganglion cell neurons. The axon fibers of these neurons form the optic nerve, and no viral antigens were observed in the optic nerve near its origin from the retina. Viral antigens were undetectable despite using a 1,000-fold higher titer for infection with NS-gEnull (4 ϫ 10 5 PFU) than WT (4 ϫ 10 2 PFU) virus and staining for antigens in the optic nerve at 8 dpi, which is 3 days longer than for WT virus. These results place the site of the defect in NS-gEnull virus spread prior to the axon terminus. The in vitro studies with embryonic rat SCG neurons indicate that the defect is in axonal localization, since viral antigens fail to enter the axon. The gE-null virus spread defect in vivo is probably not related to reduced retina infection, since gE-null virus replicates and spreads in the retina to levels that are only minimally different than WT virus, and yet in vitro gE-null virus is markedly defective in axonal localization.
The in vitro results with NS-gEnull virus are similar to findings recently reported by Ch'ng and Enquist that showed a defect in anterograde axonal localization for PRV gE-null virus (12) . However, the defect reported with PRV gE-null virus appears to be less complete than with HSV-1 gE-null virus, since some viral proteins were detected in the proximal axon segments after PRV infection, whereas none were detected after HSV-1 infection. Additional studies will be required to further define the magnitude of the defect for HSV-1 gE-null virus, including immunofluorescent staining for additional viral proteins and quantitative cultures using a two-chamber system as used to assess PRV infection (13) . The axonal localization defect after retina infection using HSV-1 and PRV gE-null viruses are similar; however, the viruses are strikingly different in retrograde spread. PRV gEnull virus is not defective in retrograde spread from the rat eye to the oculomotor and Edinger-Westphal nuclei in the brain (9, 27) , while HSV-1 gE-null virus fails to spread from the mouse eye to these nuclei. These differences are probably not related to the animal species used (rats for PRV and mice for HSV-1), since PRV gE-null virus spreads retrograde from the skin to dorsal root ganglia and the brain in a murine flank model (8) , while HSV-1 gE-null virus fails to spread to dorsal root ganglia in this mouse model (43) . In addition, our current results demonstrate that HSV-1 gE-null virus has a similar spread phenotype in rat neurons in vitro and murine neurons in vivo. The results described in the present study are entirely consistent with our prior findings in the murine flank model that showed a total defect in retrograde spread for NS-gEnull virus and a partial reduction for NS-gE380 virus based on viral DNA levels in dorsal root ganglia after skin infection (43) .
Our mouse retina infection model results differ from a prior report of HSV-1 gE-null virus in the rat retina infection model (19) . We found smaller differences in retina infection comparing WT and gE-null viruses but greater differences in brain infection comparing the two viruses (19) . In the prior report, no distinctions were made between anterograde and retrograde spread of gE-null virus to the brain and, importantly, we conclude that the defect in gE-null virus anterograde spread is in axonal localization rather than in cell-to-cell spread.
Our study does not define the site of the block in retrograde spread for gE-null virus. HSV-1 gE is not required for virus entry into epithelial cells (18, 43) , and current evidence suggests that transport of virion components from the cell membrane to the nucleus of polarized epithelial cells (retrograde spread) involves nucleocapsid and tegument proteins but not membrane glycoproteins (3, 20, 34, 46) . However, mechanisms of transport of virion components to cell nuclei may differ depending on whether the virus enters via the axon terminus or the cell body and whether the virus enters by fusing with cell membranes or by endocytosis (38) . Additional studies with in vitro neuronal cell cultures will be required to define the site of the block for gE-null virus in retrograde spread.
The molecular mechanisms accounting for the axonal localization defect of HSV-1 gE-null virus remain to be determined. We are considering several potential mechanisms. One possibility is that gE is required for the mature virus or virion subunits to travel from the trans-Golgi network to the axon. A second consideration is that gE is necessary for the mature virus to penetrate the cytoskeletal network at the axon initial segment. The axon initial segment is rich in F-actin, spectrin, ankyrin, amphiphysin II, and dynamin I (54, 55) . These proteins are postulated to form a physical barrier to membrane protein transport into axons (5) , and perhaps gE is required to overcome this barrier. A third possibility is that gE may associate with microtubular motor proteins, such as kinesin, either directly or indirectly by interaction with other viral or cellular proteins (45) to mediate axonal localization of intact virions.
Other HSV-1 membrane proteins in addition to gE may be involved in mediating axonal targeting. gE forms a heterodimeric complex with gI (10, 21, 29) . HSV-1 gI-null virus was shown to be defective in spread to the brain using a rat retina infection model (19) ; however, whether the defect was in axonal localization, transport of virion components along axon fibers, or transynaptic spread was not established. A contribution of HSV-1 U s 9 to anterograde spread is also possible based on studies with PRV U s 9 (6, 7, 50) .
We evaluated the spread phenotype of two HSV-1 gE ectodomain mutant viruses, NS-gE264 and NS-gE380. Both mutant viruses are defective in IgG Fc receptor activity. However, NS-gE264 viral antigens were detected in the optic nerve and in neuronal cell axons, whereas NS-gE380 virus was defective in axonal localization of viral proteins. Therefore, distinct gE ectodomains are required for axonal localization of viral proteins and IgG Fc receptor activity. Of note, the NSgE380 mutant virus was capable of retrograde spread, which suggests that different gE domains may be involved in anterograde and retrograde spread. NS-gE380 viral antigens were detected in the optic nerve, which differed from NS-gEnull virus. The significance of this observation is unclear; however, we cannot attribute the abnormal spread phenotype of the NS-gE380 virus to alterations in gI, since gI expression (H. M. Friedman, unpublished observation) and gE/gI complex formation are comparable to WT virus (2) . The optic nerve contains ganglion cell neuron axon fibers and supporting glial cells (astrocytes and oligodendrocytes) (36) . A possible interpretation of the NS-gE380 viral antigen seen in the optic nerve is that the supporting glial cells are infected, rather than the ganglion cell axons. Since NS-gE380 virus is relatively intact for retrograde spread, it is possible that the virus infects the supporting cells in the optic nerve by retrograde spread from the retina. This hypothesis is consistent with results shown in Fig.  7 and 8B that demonstrate an anterograde, but not a retrograde spread defect for the NS-gE380 virus.
The retina contains non-neuronal Müller cells that extend from the ganglion cell layer to the retina pigmented epithelial cell layer; therefore, spread in the retina may not require the virus to cross a synapse. However, the lack of NS-gEnull viral antigens in the optic nerve in vivo and failure of antigens to enter axons in vitro indicate that a critical defect occurs in axonal localization. This defect is prior to the axon terminus and likely accounts for most, if not all, of the abnormal anterograde spread phenotype of this mutant virus, which extends previous reports by more clearly defining the site of the anterograde-spread defect for gE-null virus (19) .
Studies with PRV have established viral and host factors involved in spread (12, 17) ; however, important differences exist between HSV-1 and PRV, including homology of only 8% of their genomic sequences and divergent effects on host cell gene expression (42) . Our results highlight interesting similarities between HSV-1 and PRV gE in axonal targeting and important differences in retrograde spread of these two distantly related mammalian alphaherpesviruses.
